American chestnut (Castanea dentata [Marsh.] Borkh.) dominated the eastern forests of North America, serving as a keystone species both ecologically and economically until the introduction of the chestnut blight, Cryphonectria parasitica, functionally eradicated the species. Restoration efforts include genetic transformation utilizing genes such as oxalate oxidase to produce potentially blight-resistant chestnut trees that could be released back into the native range. However, before such a release can be undertaken, it is necessary to assess nontarget impacts. Since oxalate oxidase is meant to combat a fungal pathogen, we are particularly interested in potential impacts of this transgene on beneficial fungi. This study compares ectomycorrhizal fungal colonization on a transgenic American chestnut clone expressing enhanced blight resistance to a wild-type American chestnut, a conventionally bred American-Chinese hybrid chestnut, and other Fagaceae species. A greenhouse bioassay used soil from two field sites with different soil types and land use histories. The number of colonized root tips was counted, and fungal species were identified using morphology, restriction fragment length polymorphism (RFLP), and DNA sequencing. Results showed that total ectomycorrhizal colonization varied more by soil type than by tree species. Individual fungal species varied in their colonization rates, but there were no significant differences between colonization on transgenic and wild-type chestnuts. This study shows that the oxalate oxidase gene can increase resistance against Cryphonectria parasitica without changing the colonization rate for ectomycorrhizal species. These findings will be crucial for a potential deregulation of blight-resistant American chestnuts containing the oxalate oxidase gene. E xotic pests and pathogens in North American forests have become increasingly significant problems, resulting in economic and ecological losses (1-5). One of the most famous is the introduction of chestnut blight, caused by the fungal pathogen Cryphonectria parasitica (Murr.) Barr, that nearly brought the American chestnut (Castanea dentata [Marsh.] Borkh.) to extinction (6). Prior to the blight, American chestnut dominated eastern U.S. hardwood forests, commonly comprising more than 25% and sometimes as much as 70% of the canopy (7, 8) . Following its removal as a top succession canopy species, many of the chestnut's former roles in the ecosystem were disrupted, resulting in both short-term effects and long-term impacts (2, 9).
xotic pests and pathogens in North American forests have become increasingly significant problems, resulting in economic and ecological losses (1) (2) (3) (4) (5) . One of the most famous is the introduction of chestnut blight, caused by the fungal pathogen Cryphonectria parasitica (Murr.) Barr, that nearly brought the American chestnut (Castanea dentata [Marsh.] Borkh.) to extinction (6) . Prior to the blight, American chestnut dominated eastern U.S. hardwood forests, commonly comprising more than 25% and sometimes as much as 70% of the canopy (7, 8) . Following its removal as a top succession canopy species, many of the chestnut's former roles in the ecosystem were disrupted, resulting in both short-term effects and long-term impacts (2, 9) .
Chestnut was not only important ecologically but also played a significant role in the American economy. Fast growth and high tannin content made chestnut an asset to the lumber and leather industries (10) . In addition to use in the leather industry, the high level of tannins in the wood and its resistance to water penetration due to extensive tylose formation (11) make it highly rot resistant and ideal for uses such as telephone poles, railway ties, and fencing (10, 12) . American chestnut wood also was used for furniture and musical instrument construction, because while lightweight, the wood is strong, straight grained, and sturdy (12) . Additionally, there are numerous accounts of farmers harvesting nuts to be sold as a cash crop (12) .
Initial efforts to combat the blight fungus failed to reduce the spread of the pathogen. Current restoration programs are implementing a variety of techniques to develop a blight-resistant tree that can be reintroduced into the native chestnut range, including breeding and genetic engineering (13, 14) . Genes from various sources are being introduced into American chestnut via Agrobacterium-mediated transformation with the hope that one or more genes will increase resistance to the chestnut blight (15) .
A gene from wheat that encodes an oxalate oxidase (16) has been shown to enhance the defense response in several plant species (17) (18) (19) . This gene works by detoxifying oxalate (or oxalic acid), producing carbon dioxide and hydrogen peroxide by-products. C. parasitica uses oxalate to hinder plant defense responses (20, 21) . Without the ability to produce oxalate, the pathogen loses its virulence (22, 23) . A previous study showed that American chestnut callus tissue transformed with the oxalate oxidase gene did not exhibit the same cell wall degradation that is seen in wild-type callus tissues when exposed to oxalic acid, demonstrat-ing the potential function of this gene in enhancing blight resistance in chestnut (24) .
A number of transgenic American chestnut events have been produced using the pTACF3 and pGFP vectors (Fig. 1 ) through a process known as cotransformation. The Darling 4 transgenic event is the focus of this research and has demonstrated enhanced blight resistance in field assays (25) . This event contains four transgenes: the oxalate oxidase (oxo), a neomycin phosphotransferase (ntp2) selectable marker, a phosphinothricin acetyltransferase (bar) selectable marker, and a green fluorescent protein (gfp) visual marker. Before any transgenic event can be considered for nonregulated status and restoration projects, it must first go through a series of impact assessments to determine whether the plant has any detrimental effects on nontarget species.
Mycorrhizal fungi are important to trees in part because they enhance access to limited nutrients, thereby allowing the plant to exist in nutrient-poor conditions (26) (27) (28) (29) . American chestnut forms these mutualistic associations primarily with ectomycorrhizal (EM) fungi (26, 27) . Oxalic acid also is produced and excreted by EM fungi to access minerals in the soil in a process known as biogenic or biogeochemical weathering (28) (29) (30) (31) (32) . If oxalic acid is indeed an important organic acid utilized by EM fungi in nutrient acquisition, then transgenic American chestnut producing the oxalic acid-degrading enzyme oxalate oxidase may disrupt the beneficial use of oxalic acid by EM fungi. Prior to this study, little work had been done to assess the nontarget impacts of any transgenic American chestnut trees. Previous studies have been conducted examining the mycorrhizal status of wild-type American chestnut (26, 27) ; the results from these past studies can be used to establish the baseline variation in mycorrhizal fungal presence compared to transgenic chestnut.
The aim of this study was to determine the level of impact that the transgenic Darling 4 American chestnut will have on associated EM fungal communities. Three major objectives will be fulfilled to accomplish this goal: (i) to analyze and compare transgene transcript expression in root, stem, and leaf tissue from transgenic Darling 4 American chestnut, (ii) to assess potential nontarget impacts on ectomycorrhizal fungi by comparing ectomycorrhizal associations with wild-type American chestnut and the transgenic Darling 4 American chestnut, and (iii) to establish the baseline variation in ectomycorrhizal fungal colonization among Fagaceae family species and determine where transgenic Darling 4 American chestnut fits within this variation.
MATERIALS AND METHODS

RNA extraction.
To detect the expression of the oxalate oxidase gene, total RNA was extracted from leaf, stem, and root tissues of four individual transgenic Darling 4 American chestnut trees by following the standard cetyltrimethylammonium bromide (CTAB) method outlined by Chang et al. (33) . RNA was extracted from two wild-type American chestnut trees to serve as negative controls for transgene expression. The trees used for RNA extraction were approximately 1 year old and were selected from the pool of trees used in the ectomycorrhizal assessment portion of this study. Following extraction, RNA purity (A 260 /A 280 ratio) and concentration (ng l Ϫ1 ) were confirmed using spectrophotometry (NanoDrop ND-2000; Thermo Fischer Scientific Inc., Waltham, MA, USA) and gel electrophoresis (1% agarose gel-Tris-acetate-EDTA [TAE], 110 V).
cDNA synthesis and quantitative reverse transcriptase PCR (qRT-PCR). RNA samples were DNase treated, and cDNA was synthesized using the QuantiTect reverse transcription kit (Qiagen, Valencia, CA, USA). Following synthesis, cDNA samples were checked for purity (A 260 /A 280 ratio) and concentration (ng l Ϫ1 ) using spectrophotometry (NanoDrop ND-2000; Thermo Fischer Scientific Inc., Waltham, MA, USA). The samples were diluted 1:100 using PCR-grade water supplied in the kit.
Relative expression with respect to transcript abundance of two genes was determined using qRT-PCR with the cDNA samples as templates. Ribosomal protein L13a was used as a reference gene to normalize transcript levels between samples and was selected based on the stability of transcript abundance across samples in initial expression studies using a group of possible reference genes (data not shown). The relative expression of the oxalate oxidase transgene transcripts was determined for each sample, with the wild-type samples serving as a negative control.
Reactions were prepared in triplicate with the following mixture for each gene and sample combination using the QuantiFast SYBR green PCR kit (Qiagen, Germantown, MD, USA): 1ϫ QuantiFast SYBR green master mix, 1 M forward primer, 1 M reverse primer, and 2 l cDNA template, brought up to a volume of 10 l with PCR-grade water supplied in the kit (Table 1 lists tem (Bio-Rad, Hercules, CA, USA) was used to run all qRT-PCR experiments with the following program: 95°C for 5 min, followed by 40 cycles of 95°C for 10 s and 62°C for 30 s.
Greenhouse bioassay. A greenhouse bioassay was conducted to assess the colonization of ectomycorrhizal fungi. A potting medium was produced using soil collected from two sites at the SUNY ESF Lafayette Road Experimental Field Station in Syracuse, NY, USA. Soil at the upper shelterwood site is characterized as Wassaic silt loam, while the soil at the lower shelterwood site is characterized as Benson-Wassaic-rock soil according to the USDA Natural Resources Conservation Service Web Soil Survey (http://websoilsurvey.sc.egov.usda.gov/App/HomePage.htm). A central location was selected within each site and marked. Thirty random compass bearings were generated for each site along with a corresponding random number of paces (maximum of 20). One liter of soil was collected from each random point within the site and pooled, totaling 30 liters of soil per site. The soil from each site was mixed with sand and potting mix (Fafard Super-Fine Germinating Mix; Sun Gro Horticulture, Agawam, MA, USA) in a 1:1:2 (soil:sand:potting mix) ratio, and the mixture was homogenized in a rotating-drum compost bin before potting.
American beech (Fagus americana) (AB), red oak (Quercus rubra) (RO), Chinese chestnut (Castanea mollissima var. Qing) (CC), wild-type American chestnut (Castanea dentata seed lot Zoar, from Gowanda, NY) (WA), and (American ϫ Chinese) ϫ American backcross hybrid (HY) seeds were cold stratified at 4°C in either sphagnum moss or perlite until germination. In June of 2009, six seeds of each tree type were planted in 1-liter Deepots (Stuewe & Sons Inc., Tangent, OR, USA) containing the soil mixture from upper shelterwood, and six seeds of each tree type were planted in 1-liter tube pots containing the soil mixture from lower shelterwood. Six approximately 3-month-old tissue culture-derived Darling 4 transgenic American (TA) chestnut trees were planted in 1-liter tube pots containing the soil mixture from upper shelterwood, and six were planted in the soil mixture from lower shelterwood. All plants were placed in a greenhouse in a completely randomized design and watered to saturation 3 times per week using tap water until harvest.
Root tip harvest and sampling. Following approximately 1 year of growth in the greenhouse, root tips were harvested from each of the surviving trees (n ϭ 67) over a 6-month period. Each tree was carefully removed from the pot, and the entire root system was rinsed over a fine sieve to remove the majority of the potting mixture. The root system was divided into quadrants, and three pieces of root, each approximately 4 to 6 cm in length, were removed from each quadrant. Each root piece was rinsed with deionized water to remove excess potting mix.
The root pieces were placed in a clear plastic dish filled with deionized water and examined for the presence of ectomycorrhizae using a dissecting microscope. Each root tip was counted and, based on colonization status, categorized as either colonized or uncolonized. Uncolonized root tips were identified by the lack of a fungal mantle and the presence of root hairs. Approximately 150 to 200 tips were counted for each plant. Colonized tips were conservatively grouped according to morphological characteristics (morphotypes) described by Agerer (34) . Two tips from each morphotype group were removed from the root and placed in 300 l of a CTAB buffer solution (100 mM Tris [pH 8.0], 1.4 M NaCl, 20 mM EDTA, 2% CTAB). The tubes containing the colonized root tips were stored at Ϫ20°C until molecular analysis was performed.
DNA extraction and PCR amplification. DNA from fungal root tips was extracted by following a CTAB protocol outlined by Gardes and Bruns (35) . Following extraction, template DNA was diluted 1:10 or 1:100 in PCR-grade water. A 25-l reaction mixture was prepared for each extraction using 1ϫ GoTaq Green master mix (Promega, Madison, WI, USA), 0.6 M forward primer, 0.6 M reverse primer, and 1 l of the template DNA dilution according to the manufacturer's protocol. PCR was performed for each fungal root tip by using the ITS1-F (35) and ITS4 (36) primer pair (Table 1) to amplify the internal transcribed spacer (ITS) region within the fungal genome.
All reactions were performed on an MJ Mini thermal cycler (Bio-Rad, Hercules, CA, USA) using the following program: initial denaturation at 94°C for 85 s; 13 cycles of 95°C for 35 s, 55°C for 55 s, and 72°C for 45 s; 13 cycles of 95°C for 35 s, 55°C for 55 s, and 72°C for 120 s; 9 cycles of 95°C for 35 s, 55°C for 55 s, and 72°C for 180 s; and a final extension at 72°C for 10 min. PCR products were run at 110 V on a 1% agarose-TAE gel with a 100-bp DNA ladder (New England BioLabs, Inc., Ipswich, MA, USA) as a size reference. Gels were stained with ethidium bromide and visualized using a Gel Doc EZ system (Bio-Rad, Hercules, CA, USA). If samples failed to amplify in the first PCR, a second PCR was done to confirm this result, using a fresh dilution of template DNA.
Restriction digestion and DNA sequencing. Samples that produced positive PCR results were digested with three restriction enzymes: HinfI, AluI, and DpnII (New England BioLabs, Inc., Ipswich, MA, USA). One 10-l reaction mixture was set up for each enzyme and PCR product, totaling 3 reaction mixtures per positive DNA sample. Reaction mixtures included 1 l buffer (buffer 4 or DpnII buffer; New England BioLabs, Inc., Ipswich, MA, USA), 0.5 l restriction enzyme, 6.5 l water, and 2 l PCR product. All digestions were performed on an MJ Mini thermal cycler (Bio-Rad, Hercules, CA, USA) at 37°C for 1 h. Following the digestion, 5 l of the reaction mixture and 1 l of loading dye were run on a 1.5% agarose-TAE gel at 110 V along with a 100-bp DNA ladder (New England BioLabs, Inc., Ipswich, MA, USA) as a size reference. Gels were stained with ethidium bromide and visualized using a Gel Doc EZ system (BioRad, Hercules, CA, USA). Samples with matching banding patterns for all three restriction enzymes were classified as one digest group or restriction fragment length polymorphism (RFLP) type. Often, multiple morphotype groups were combined into a single digest group or RFLP type.
One sample from each RFLP type was selected for DNA sequencing. Reaction mixtures were prepared in duplicate for each DNA sample, using 1ϫ master mix from the Advantage 2 PCR kit (Clontech Laboratories, Inc., Mountain View, CA, USA), 1.5 M ITS1-F, 1.5 M ITS4, and 1 l DNA template, brought up to a volume of 10 l with PCR-grade water. All reactions were performed on an MJ Mini thermal cycler (Bio-Rad, Hercules, CA, USA) using the same program for amplifying fungal DNA used earlier in the experiment. A 5-l portion of the PCR product and 1 l of loading dye were run on a 1% agarose gel at 110 V. The gel was stained with ethidium bromide and visualized using a Gel Doc EZ system (BioRad, Hercules, CA, USA).
The remaining 20 l of PCR product was combined with its duplicate reaction mixture and purified using the QIAquick PCR purification kit (Qiagen, Germantown, MD, USA) according to the manufacturer's instructions. In the final step of purification, DNA samples were eluted in 35 l of buffer supplied in the kit. Samples were checked for purity (A 260 / A 280 ratio) and concentration (ng l Ϫ1 ) using spectrophotometry (NanoDrop ND-2000; Thermo Fischer Scientific Inc., USA). DNA samples and primers (ITS1-F and ITS4) were prepared for sequencing at the SUNY Upstate Medical University Core Facility for DNA Sequencing (Syracuse, NY, USA) according to the facility's instructions. Two sequencing runs were performed for each sample, the first with the forward (ITS1-F) primer and a second with the reverse (ITS4) primer. The sequence produced from the run with the reverse primer was used only if the sequence produced from the forward primer was unreadable.
Sequences first were aligned with each other using NCBI BLAST (http: //blast.ncbi.nlm.nih.gov/) to ensure that they were indeed unique; each Threshold cycle (C T ) values from qRT-PCR were normalized using CFX Manager software (Bio-Rad, Hercules, CA, USA), and mean C T values for leaf, stem, and root tissues were compared using Tukey's honestly significant difference (HSD) test in R (version 2.11.1; R Core Team, Vienna, Austria). Differences in total percent colonization, species richness, and species abundance between tree type and soil type were determined by analysis of variance (ANOVA) in a 2-by-6 factorial, followed by a Waller-Duncan test to compare pairs of means in SAS (version 9; SAS Institute Inc., Cary, NC, USA).
Fungal ITS sequence accession numbers. Fungal ITS sequences were submitted to GenBank and assigned accession numbers KM464680, KM464681, KM464682, KM464683, KM464684, KM464685, and KM464686.
RESULTS
RNA was extracted and cDNA successfully synthesized from leaf (n ϭ 4), stem (n ϭ 4), and root (n ϭ 3) tissues of transgenic Darling 4 American chestnut trees. Normalized expression of the oxalate oxidase gene transcript using qRT-PCR showed that the transcript abundance in root tissues of Darling 4 trees falls between but is not statistically significantly different (Tukey's HSD) from the transcript levels in leaf and stem tissues (Fig. 2) . Oxalate oxidase transcript levels were significantly higher in leaf tissue (average of 3-fold higher) than in stem tissue (P ϭ 0.006). There was no oxalate oxidase gene expression in control wild-type American chestnut seedlings (data not shown).
Of the initial 72 trees planted at the beginning of the study, 67 were sampled for EM presence. In the upper shelterwood soil, a total of 35 individuals were sampled (AB, n ϭ 5; RO, n ϭ 6; HY, n ϭ 6; CC, n ϭ 6; WA, n ϭ 6; TA, n ϭ 6), and in the lower shelterwood soil, a total of 32 individuals were sampled (AB, n ϭ 6; RO, n ϭ 5; HY, n ϭ 5; CC, n ϭ 5; WA, n ϭ 5; TA, n ϭ 6). A total of 13,103 root tips were counted on a total of 67 seedlings, averaging approximately 195 root tips per tree. Percent colonization was calculated for each seedling by dividing the number of colonized tips by the number of tips counted and multiplying by 100. An ANOVA showed that there was no interaction between soil site and tree species in percent colonization (P ϭ 0.38), so subsequent analyses were focused on comparing mean effect means. There was a significant difference in mean percent colonization between soil sites, with lower shelterwood having significantly greater colonization than upper shelterwood (P ϭ 0.0003) (Fig. 3a) . Significant differences in percent colonization among tree types were found, with red oak differing from both the Chinese and hybrid chestnuts and the hybrid also differing from the Darling 4 transgenic chestnut (P Ͻ 0.10 by Waller-Duncan test) (Fig. 3b) .
Based on PCR and restriction digests of fungal root tip DNA, eight unique digest patterns were identified. Tip counts from morphotype groups that would not PCR amplify were labeled as unknown and only used for total percent colonization calculations. Of the eight identified RFLP types, seven were successfully sequenced, and six of those matched entries in GenBank. While not all of the RFLP types matched to the species level, they are referred to as EM fungal species throughout the remainder of the paper. RFLP type 9 could not be sequenced, and RFLP type 6 did not match any of the GenBank database entries.
Species richness was determined for each tree type by averaging the number of EM fungal species present on each individual tree. The average number of EM species per seedling was 4.8, and none of the individual trees was found to associate with all eight fungal species (Fig. 4) . Interaction between tree type and soil site was not significant. No significant differences were found in species richness among tree types or soil sites.
The most common EM fungi found in this study were Cenococcum geophilum, Pezizaceae species, Tuber species, and fungal species. None of these showed significant interactions between soil site and tree type. There were some significant differences in percent colonization between tree species (Fig. 5) but not between wild-type American chestnut and Darling 4 American chestnut. The remaining four EM fungal species did not have adequate colonization rates to allow statistical evaluation; however, the average percent colonization of the eight fungal species for the transgenic Darling 4, the wild type, and the hybrid are shown in Fig. 6 . In cases where average percent colonization on individual tree species could be analyzed across soil types using t tests, no statistical significance was found (data not shown).
DISCUSSION
The aim of this study was to assess the potential impact of a transgenic Darling 4 American chestnut expressing the oxo gene on associated EM fungal communities. Oxalate oxidase expression in root tissue has the potential to influence associated microbial communities, specifically EM fungi that are in direct contact with American chestnut roots. A disruption in oxalic acid production could diminish the ability of EM fungi to access nutrients, indirectly resulting in nutrient deficiencies in transgenic trees, but this effect was not observed on Darling 4 transgenic American chestnuts.
The transgenic Darling 4 American chestnut expresses oxo under the control of the VspB promoter. Originating in soybean, this promoter regulates the expression of genes in vascular tissue and can be activated by a variety of external elicitors, including methyl jasmonate, sugars, and wounding (37, 38) . Young leaves actively produce carbohydrates through photosynthesis and can act as sugar sinks until they mature (39) . Since VspB is activated in the presence of sugars, this could explain why there is a higher level of oxo transcripts in leaf tissue than in stem. Roots serve as storage organs for excess carbohydrates (28, 32, 40) , so it is possible that oxo expression is induced by sugars in those tissues as well.
Detection of oxo transcripts in root tissues of Darling 4 gives credence to the concern regarding the potential impact on EM fungi, as the fungi are in direct contact with chestnut roots. To assess this potential impact, EM root tips were quantified from seedlings planted in a soil mixture containing field soil to serve as a fungal inoculum source. A total of six tree species were used, all within the Fagaceae family, to determine whether differences exist in transgenic Darling 4 American chestnut EM fungal colonization compared to both the wild type and closely related species. The results of the total percent EM colonization portion of the study showed that there is no significant difference in overall levels of EM fungal colonization between any of the tree species (Fig. 3b) .
In addition to the oxo transgene, the Darling 4 sample also contains two selectable marker genes, npt2 and bar, and the visual marker gene gfp. It is possible that any one gene or a combination of genes could impact EM fungal colonization (41, 42) . Darling 4 resulted from a cotransformation with two binary vectors, pTACF3 and pGFP (25) . This resulted in two insertions from the TACF construct and two insertions from the GFP construct. Any of these four semirandom insertions into the chestnut genome could have caused disruptions at its particular insertion site (41, 42) . None of these changes caused a significant difference in EM colonization.
The results did show a difference in overall colonization between the two soil types used in the study, indicating the methods could detect changes in colonization. The lower shelterwood soil showed a higher percent colonization than the upper shelterwood soil (Fig. 3a) . This may be explained by differences in plant communities at the upper shelterwood field site, which has been highly invaded by Alliaria petiolata (garlic mustard) and is currently dominated by mature Juglans nigra (black walnut). Both garlic mustard and black walnut are allelopathic, releasing chemicals into the soil that inhibit the growth of other plants and microbial populations (43) (44) (45) (46) . Mycorrhizal fungi are sensitive to allelopathic chemicals, and garlic mustard has been shown to directly inhibit growth of EM fungi (45, 47) . Thus, the garlic mustard and black walnut in the upper shelterwood field site may be impacting the EM fungi, resulting in a lower total colonization reflected in the bioassay.
Through molecular analysis, eight RFLP types were identified, six of which could be successfully matched to an entry in the NCBI GenBank database. Of the eight RFLP types, four had sufficient sample sizes to be used in a factorial ANOVA comparing both tree species and soil type. The key finding in this portion of the study was that the transgenic Darling 4 American chestnut did not differ significantly from the wild-type American chestnut in percent colonization of the four EM fungal species. This demonstrates that for these EM fungal species, the transgenic chestnut does not appear to have any nontarget impacts. The result is consistent with studies that have demonstrated minimal to no impact on EM fungi by a number of transgenic tree species expressing a variety of transgenes (48) (49) (50) (51) (52) . One such study, on a transgenic American elm expressing an antimicrobial peptide to improve Dutch elm disease resistance, found that there was no significant difference in mycorrhizal colonization during the field trial (53) . Another study, on field-planted poplar, found that there was no significant difference in EM community composition between transgenic lines with modified lignin synthesis and commercially bred lines (54). Significant differences were found in percent colonization in three of the four EM fungal species, where the American beech or the conventionally bred hybrid chestnut had higher percent colonization than the other tree species. These differences, and the variation in percent colonization within and between all of the tree species and soil sites, reflect the variation that naturally exists in ecosystems. Prior studies examining the differences in microbial communities, including mycorrhizal fungi, between treatments have shown that natural variation in systems tends to be greater than the variation that occurs as a result of the treatment (47, (55) (56) (57) . In this study, any difference found between the transgenic and wild-type chestnut was minimal compared to the variation that was found between soil sites or related tree species.
It has been suggested that greenhouse studies do not accurately reflect field conditions and are not adequate indicators of what might occur in more natural settings (58) . This has been demonstrated in studies comparing mycorrhizal species assemblages on greenhouse bioassay seedlings to those in the field (26, 58) . Differences in the types of species found and species richness are apparent in these comparisons (26, 58) , as greenhouse bioassay experiments tend to select for the more resistant propagules in the field soil (59). However, greenhouse bioassay experiments may reflect the same general trends in colonization and species richness observed in the field (60) . This is the case when comparing the current study to two previous studies on field-grown American chestnut (26, 27) . Both of those studies identified a Tuber and a Pezizaceae species and one (26) identified C. geophilum, all of which were prevalent in the current study. However, both of the field studies found high levels of colonization by the EM fungi Laccaria laccata, which was not identified in this study. A complementary, field-based study is under way, utilizing the same upper and lower shelterwood field sites and the Darling 4 transgenic American chestnut. Preliminary results suggest the trend in total percent colonization between the lower and upper shelterwood soils demonstrated in this study is reflected in the field, and that there is no difference between Darling 4 and wild-type American chestnut in EM fungal colonization (S. Tourtellot and T. R. Horton, unpublished data). These comparisons suggest that a greenhouse bioassay method is a valid tool for comparing differences between transgenic and wild-type trees, even if it does not exactly replicate field conditions.
As with any other transgenic organism, Darling 4 and other transgenic American chestnut trees are required to go through extensive review before they can be assigned nonregulated status and released back into the native chestnut range (61) . The major relevant result from this work is that the Darling 4 transgenic American chestnut does not differ in EM fungal associations from the wild-type chestnut, and the Darling 4 chestnut falls within the normal range of variation in EM colonization established with Fagaceae controls. Even with the introduction of four transgenes at four unique insertion sites, there still was no significant impact on EM fungal colonization. This result, in conjunction with published studies on a variety of transgenic plants, indicates that nontarget impacts from genetic engineering are rare (41, 62, 63) and should reduce the overall concern regarding the potential nontarget impacts of oxo-expressing transgenic chestnuts on EM fungi.
This study demonstrates that a transgenic American chestnut expressing a fungal resistance transgene (oxo) and associated marker genes does not appear to have any negative impacts on associated EM fungal species. The outcome of this research also illustrates the utility of a greenhouse bioassay as a means to assess EM fungal colonization on transgenic trees. The results will be used in conjunction with other ecological impact studies to inform the deregulation process in an effort to restore the American chestnut and will contribute to the body of existing work examining the potential environmental impacts of transgenic forest trees.
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